Introduction
Eukaryotic promoters are DNA sequences providing gene expression regulation at the stage of transcription initiation. According to the modern concept, the eukaryotic promoters are modularly organised (Wingender, 1993; Kel et al., 1997) . The elementary unit of transcription regulation is represented by cis-regulatory elements, which correspond to the transcription factor binding sites, and have a small length of ∼5-20 bp (Wingender, 1993) . Pairs of transcription factor binding sites brought into proximity form composite elements. The protein-protein interaction of transcription factors within composite elements can provide either synergistic or antagonistic effects on transcription regulation. The typical size of the composite elements is 50-60 bp . Core promoters, which are ∼100 bp long (Roeder, 1996) , provide for the assembly of basal transcription complexes and are the regulatory elements absolutely necessary for transcription initiation. The set of the regulatory elements listed above, located within the 5′-flanking regions of the genes, together with enhancers and silencers provide for gene-specific transcription regulation depending on cell cycle stage, ontogenetic stage, tissue type and the effect of external factors (Wingender, 1997) . The typical size of 5′-flanking regions, significant for transcription regulation of various genes, falls into the range of 500 to several thousand base pairs.
A number of methods and programs for analysing and recognising transcription factor binding sites are currently available (Frech et al., 1993; Prestridge et al., 1993; Chen et al., 1995; Gelfand, 1995; Quandt et al., 1995; Wolfertstetter et al., 1996; Quandt et al., 1997) . Prediction of certain sites and their combinations are used to recognise promoters (Kondrahin et al., 1995; Prestridge, 1995; Hutchinson, 1996) ; however, the accuracy of such recognition is low (Fickett and Hatzigeorgiou, 1997) .
A considerable increase in the accuracy of recognition can be achieved through taking into account the properties of extended promoter regions, such as the patterns of oligonucleotide distribution in different regions of promoter (Zhang, 1998) or other specific properties of these regions (Baldi et. al., 1998) .
Here we describe the Internet-accessible computer system RegScan, designed to analyse the extended regulatory regions of eukaryotic genes. This system allows us: (i) to divide the sample of promoters into subsamples of TATA-containing and TATA-less promoters and promoters with and without CpG islands; (ii) to construct nucleotide frequency profiles, sequence complexity profiles, and profiles of conformational and physico-chemical properties; (iii) to create sets of degenerate oligonucleotide motifs; and (iv) to scan the nucleotide sequences for the occurrence of repeats of various types.
In comparison with previous works analysing DNA structural peculiarities (Baldi et. al., 1998) , the system presented is supplemented with the possibility of preliminary classification of the initial sample relative to a set of properties significant for regulatory regions (occurrence of a TATA box or CpG island).
The set of programs developed was applied to the analysis of the promoter regions of eukaryotic genes. In the general case, this set of programs can be used for analysing any genomic sequences.
System and methods
The system RegScan (http://wwwmgs.bionet.nsc.ru/Systems/ RegScan, http://www.cbil.upenn.edu/mgs/systems/regscan/) consists of six units that are logically divided into two main modules: the classification module contains one unit and the analysis module contains five units.
The system units are implemented by using the C++ computer language equipped with the Web interface written in HTML. The repeat visualisation unit is implemented as a Java applet.
Classification of the source sample
This unit is designed to sort out the source sample on the basis of certain criteria. So far, sorting of TATA-containing and TATA-less promoter sequences and DNA sequences with and without CpG islands is implemented in the classification unit. TATA-less (TATA-) promoters. The sorting of a source sample into TATA-containing and TATA-less promoters is performed basing on weight matrix method using the TATA-box weight matrix, obtained by Bucher through analysing 502 sequences of vertebrate and invertebrate promoters (Bucher, 1990) . Here, the TATA box is represented as a sequence of 15 nucleotides with the core consensus TATAa/tAa/t.
Sorting of TATA-containing (TATA+) and
A given sequence is considered as TATA-containing, if the score of any of its motifs within the region from -39 to -9 relative to the transcription start site (TSS) exceeds a given cut-off value for the TATA-box matrix.
Sorting promoters into CpG+ and CpG-subsamples.
Cytosine residues in CG dinucleotides are methylated in the major part of vertebrate DNA. However, there are specific DNA regions, the so-called CpG islands, where the CG dinucleotides are non-methylated in all tissues. Characteristics of these DNA islands are (Gardiner-Garden and Frommer, 1987) : (i) the length is of over 200 nucleotides; (ii) the content is over 50% G+C; and (iii) ratio of observed/expected CG dinucleotides is more than 0.6. The boundaries of CpG islands are determined as follows. Obs./Exp. ratio is calculated as:
where L is the length of the sequence in question. Obs./Exp. CG ratio and G+C percentage are determined within a window of 100 nucleotides in length (L=100) sliding along the sequence with a 1 nucleotide shift. The overlapping windows with (G+C)% over 50 and Obs./Exp. CG ratio over 0.6 are merged; if the resulting CG-rich fragment exceeds 200 nucleotides, it is considered a CpG island.
Methods and algorithms
Construction of position-specific nucleotide frequency profiles over the sample. Estimation of nucleotide sequence complexity. Nucleotide sequence complexity is determined in terms of the model of Kolmogorov (1965) and Lempel and Ziv (1976) . This model considers each finite string as a mixture of random symbols and repeated fragments. Kolmogorov was first to describe the complexity of an object as a finite automation-generated model. Lempel and Ziv applied this theory to describe finite sequences. Gusev et al. expanded the model through introducing the concepts of symmetry and complementarity (Gusev et al., 1993) . Currently, variants of complexity measures are widely used for analysing DNA sequences (Allison and Yee, 1990; Milosavlievich and Jurka, 1993; Grumbach and Tahi, 1994; Allison et al., 1998) . In our case the complexity measure may be defined as the least number of events required to generate a given sequence algorithmically.
Events are as follows: (i) generation of a new symbol; and (ii) copying of a longest fragment from the already generated sequence portion in the following orientations: direct (D), symmetrical (S), inverted (I) or direct complementary (C).
A subset of orientations for copying can be specified from the set {D, S, I, C}. Then, different variants of the complexity measure reflect particular properties of a nucleotide sequences. The DSIC complexity, allowing any copying operations, is the most general.
For example, the DSIC complexity of the sequence ATGCATCGTACATC amounts to 6, and this sequence can be generated through the following steps:
( The complexity profile for sequence sample is a series
is the calculated measure of complexity of the corresponding region of the ith sequence within the jth window as it was demonstrated in the example above (Gusev et al., 1993) , and N is the sample size.
DNA dinucleotide conformational and physico-chemical
properties. At present, 38 dinucleotide sets of parameters of conformational and physico-chemical DNA properties have been accumulated in the database PROPERTY . These parameters are applied by the unit for constructing the feature-specific profiles of DNA sequences considered as described by Levitsky et al. (1999) .
Searching for repeats.
This unit is designed to search for the direct, inverse, direct complementary and symmetrical substring copies (repeats) in a target DNA sequence and to visualise the results obtained with the help of a Java viewer applet.
Finding repeats in a non-coding sequence is usually a multistage problem, consisting of: (i) finding and marking the simple repeats, such as mono-, di-and trinucleotide tracts; (ii) finding and marking the moderate repeats, such as SINE and LINE elements and other annotated repeats, usually through comparing the target DNA sequence with CENSOR (Jurka et al., 1996) ; and (iii) considering other regularities, such as a specific repeated structures attributed to the sequence analysed. This is the step we are aiming our system at.
We assess the statistical significance of the repeat abundance in terms of pairwise matches (Solovyer et al., 1994) , sequence assumed i.i.d. position-wise.
The advantage of this method is that it accounts for the total number of repeated regions. The well-known problem of pairs dependency, unless using extreme statistics (Arratia, Waterman,1989; Karlin et al., 1990) , is not completely overcome. Thus, the model proposed is a first order approximation and is considered as a characteristic of overall abundance of repeats.
The probability of two randomly selected non-overlapping DNA regions with length l to differ by k nucleotides [denoted (l,k) repeats] can be assessed in terms of binomial distribution:
where p is the probability of two randomly selected nucleotides to be identical:
where p 1 , p 2 , p 3 , p 4 are the nucleotide frequencies. The number of all the possible locations of two nonoverlapping segments, each l nucleotides long, in a DNA sequence of length L can be assessed as:
So the average number of repeats is calculated as follows:
Let us consider the (l,k) repeats whose average number in a random sequence with the length L is close to 1. In this case, the binomial distribution is applicable to estimate the probability that n (l,k) repeats occur in this sequence:
To determine the upper boundary of the confidence interval with the significance level q (0.05, 0.01, etc.), we find for the number of repeats expected to occur by chance such n o that:
If the number of (l,k) repeats is equal to or exceeds the upper boundary of the confidence interval, i.e. n(l,k) ≥ n o (l,k) , such a number of repeats is considered to differ significantly from their expected number En (l,k) , and the repeats themselves are regarded as non-random.
These equations would hold true for direct, direct complementary, symmetrical and inverted repeats. In case of direct complementary and inverted repeats, the probability of two randomly selected nucleotides being complementary is used instead of the probability of them being identical:
Oligonucleotides unit
It is known that oligonucleotide composition is specific for various regions of genome (Karlin et al., 1994; Karlin and Burge, 1995; Karlin et al., 1997) . Oligonucleotide composition analysis is widely used to reveal peculiarities of regulatory (Hertz and Stormo, 1996; Zhang, 1998) and coding sequences (Snyder and Stormo, 1995) . We have previously developed a set of programs for revealing the oligonucleotides that are specific for the coding regions of the families of isofunctional genes . Based on the method of search for degenerate oligonucleotide motifs, we have developed a new software package ARGO for analysis of functional sites and gene regulatory regions.
Assessing significance for the oligonucleotide motif. The aim of the algorithm described is to find the oligonucleotide motifs that are significantly presented in a set of RGS (regulatory genome sequences) and which, therefore, may play a specific biological role.
Let us consider an oligonucleotide motif M=m 1 ,m 2 ,..,m l of length l in the expanded 15 single letter-based code (Cornish-Bowden, 1985) . The probability of this motif occurring at a particular position in the DNA sequence S k of length L is:
where P i is a frequency of a letter m i assessed from the nucleotide content of S k .
If the expected number of occurrences of a particular oligonucleotide in a sequence calculated as (L-l+1)*P(M) is less than 1, as is our case, the probability of the motif in question occurring at least once in the sequence S k can be approximated by Poisson distribution:
Consider the set of the sequences S = {S 1 ,…,S N }. The binomial probability P(n,N) if observing the motif M in more or equal than n(0≤n≤N) sequences is:
Description of the algorithm.The method of the search for significant motifs is based on considering the complete oligonucleotide vocabulary for each RGS with subsequent clusterisation of similar oligonucleotides belonging to different RGS. If Hamming's distance R between oligonucleotides from different sequences is lower than the threshold value r o , they are united into one class. The consensus is created for each class as follows. The significance of each of the 15 letters to occur at each position is evaluated by binomial criterion, and the signal with the minimal probability of appearing by chance is selected. The oligonucleotide motif obtained by this procedure is considered significant if it meets the following conditions: (i) the fraction f of the RGS containing the motif is higher than a certain given level f o ; and (ii) the binomial probability P(n,N) of observing this motif by accident in n and more RGS of the N RGS considered is lower than a given significance level a.
Results of the analyses performed are accumulated in the knowledge base of the system ARGO in its inner standard format. This approach requires no preliminary alignment of the RGS analysed, representing an advantage compared to all available methods for constructing consensuses and weight matrices.
Implementation and results
We will illustrate operation of the system RegScan by computer analysis of vertebrate promoter sequences.
Data
The sample of promoter sequences was created as follows. The non-redundant promoter sequences of vertebrate chromosomal genes were extracted from EMBL based on the information contained in the EPD42 database (Bucher and Trifonov, 1986 ) using the software package MGL (Kolpakov and Babenko, 1997) . In total, 310 sequences were extracted; each represented a completely sequenced [-300; +100] region relative to the transcription start site (TSS) at position +1 (the list of the corresponding identifiers is available upon request).
The same entries were used for extracting exons and introns. The resulting sequences were searched for coincidence with the TATA-box matrix. Only those motifs were selected whose score exceeded the cut-off value of -8.16 and which were located at least in 20 bp one from another. The motifs selected were supplemented with flanks, so that their total lengths amounted to 400 nucleotides and false TATA boxes were located in the 270 region. To avoid shifts in the nucleotide composition, not more than five TATA boxes were extracted from one sequence. Thus, 135 sequences of exons (with the mean score of false TATA boxes of -6.77) and 762 sequences of introns (with the mean score of false TATA boxes of -6.92) were obtained and constituted a control sample.
Classification
The initial sample of promoters was divided into TATA+, TATA-, CpG+ and CpG-subgroups and their intersections TATA+CpG+, TATA+CpG-, TATA-CpG+ and TATA-CpGby applying the classification module of the RegScan system.
The weight matrix for TATA box with a cut-off value of -8.16 (Bucher, 1990 ) was used to separate the initial sample into TATA-containing (TATA+) and TATA-less (TATA-) subsamples. The mean score of the TATA boxes in the TATA+ subsample was -4.31. The promoters containing CpG islands in the 5′ region relative the TSS formed the subsample CpG+. The rest of the promoters constituted the subsample CpG-.
The subsample CpG+ contains an approximately equal number of TATA-containing and TATA-less promoters (70 and 74, respectively), whereas TATA-containing promoters are predominant in the subsample CpG-(124 versus 33 TATA-less; Table 1 ). Nucleotide composition of the subsamples is listed in Table 2 . The locations of CpG islands relative to the TSS in the 5′ region have been determined for promoters from subsample CpG+. The 5′ boundaries of CpG islands relative to the TSS are distributed evenly. Analysis of more extended regions has demonstrated that this trend is valid within the interval [-500; +100]. 
Analysis
Position-specific nucleotide frequency profiles. Positionspecific nucleotide frequency profiles were constructed for the initial sample of 301 vertebrate promoters as well as for all the subsamples constructed. The regions corresponding to the core elements (TATA box and Inr) differed in their nucleotide contexts. The nucleotide frequency profile W(A+T) of the initial sample indicates an increased concentration of these nucleotides within the TATA box region (Figure 1 ). The transition from pyrimidine (-1) to purine (+1) on the background of a 'purine pit' is very evident (Figure 2 ). The monotonic increase in the C+G frequencies over the entire region considered in the subsample CpG+TATA+ (Figure 3 ) results from an even distribution of 5′ boundaries of CpG islands relative to the TSS (data not shown). However, the regions with the increased G+C content flank locally the TATA-box region, as is demonstrated by the analysis of CpG-TATA+ (Figure 3) . The G+C-rich flanks are lacking in a sample with false TATA boxes (Figure 3) .
Search for oligonucleotide motifs. The [-50 ; +1] region of the core promoter of both TATA+ and TATA-subsamples was used to generate samples of characteristic oligonucleotide motifs denoted as M TATA+ and M TATA-, respectively, by the program ARGO (Table 3) . Then the profiles of both M TATA+ and M TATA-motif occurrences along the promoter were constructed as follows. The promoter region [-300; +100] was divided into 15 overlapping windows 50 bp long with a 25-bp shift. Occurrence of each motif was considered independently in each window. The occurrence of each motif analysed in each window can be introduced via 'representation coefficient' F = f + -f -, where f + is the RGS fraction containing a given motif in a given window and f -is the fraction of random sequences housing this motif. The graphs for distribution of F coefficient were constructed for the M TATA+ and M TATAmotifs (Figure 4) .
We compared the method proposed with the standard Gibbs free energy algorithm (Lawrence et al., 1993) . Since the TATA+ promoter subsample contains a priori the TATA signal, we used the TATA-subsample for this comparison. The Gibbs algorithm is a probabilistic method; therefore, we carried out 50 individual alignment events for the [-50 ; +1] regions of TATA-promoters and obtained 31 different consensus nuclei and the values F were calculated for them (Table 4) . Then, we searched for the motifs in four letter-based code using the program ARGO. As a result, oligonucleotides GNGCNGG (F = 32%) and GGGNGGNG (F = 24%) were revealed. Note that the motif GNGCNGG contains the oligonucleotide GNAGG, found by the Gibbs method, which was less represented (F = 22%), while the motif GGGNGGNG contains both GNAGG and GGAG (F = 19%), found by the Gibbs method too. In turn, these signals are constituents of the oligonucleotide motifs found by ARGO for 15 single letter-based code (Table 3) and displaying F∼40%.
Thus, the estimations performed have demonstrated the compliance of our method for searching oligonucleotide motifs with the other available methods used for analysing low-homology DNA sequence samples.. 
Discussion
We have developed a system for analysing extended regulatory regions of genomic DNA and applied it to study the vertebrate gene promoters transcribed by RNA polymerase II. Application and comparison of the methods described is detailed above. Here we shall proceed with biological results obtained.
(i) The nucleotide sequence profile indicates that C+G-rich regions are flanking the TATA-box region (Figure 3) . They are likely to play certain role in binding of TATA-binding protein (TBP) to TATA box. Since the TBP interacts with DNA minor groove due to the van der Waals interactions, TBP exhibits an increased affinity for A+T-rich DNA regions with a smooth minor groove along with the decreased affinity for G+C-rich regions due to the NH 2 group of guanine, which projects into the minor groove and prevents the close contact of the protein and DNA surfaces. Thus, the decreased TBP affinity for G+C-rich regions does . An arrow indicates profile for random sequences of the same local nucleotide content. Random sequences were produced as follows: each promoter sequence was divided into non-overlapping 10 bp windows, and the nucleotides were jumbled within each of them. The system for repeat searching was used to analyse the repeats. The search parameters are as follows: min length = 7 bp, max length = 20 bp, max mismatch number = 5 bp, limit = 0.0001, limit type = P_LIMIT. The repeat score is calculated as follows: every time an (l,k)-repeat is found in a sequence, the score for each position within the repeat is increased by l-k. The profile is the score averaged over all sample sequences. a b not preclude its diffusion towards the TATA box. The profile of G+C frequencies may also reflect the fact that the binding sites of several transcription factors are G+C-rich.
On the contrary, a decreased G+C content in the TATA-box flanking regions can be seen on the corresponding profile of the sequence sample with the false TATA boxes.
(ii) The region of TATA box displays an increased S complexity ( Figure 5) ; i.e., it is asymmetrical. It is likely that the TATA box asymmetry is necessary for the correct orientation of TBP Note that no increased complexity is observed in the complexity profile of the sample with the false TATA boxes. This is likely to suggest the effect of the flanking regions or mutual dependence of nucleotides within the TATA box. Note also that the mean score of TATA boxes is -4.31, while that of the false TATA boxes is -6.9.
(iii) The profile of bending stiffness demonstrates that the TATA box-flanking sequences possess an increased bending stiffness, whereas the region of TATA box itself displays an increased bending flexibility (Figure 6 ). The promoter DNA architecture may be changed, for example, by activators or HMG-box proteins, which bend DNA, or superhelical coils produced by topoisomerases, etc. It is likely that under the stresses causing DNA bending, the stiff CG blocks flanking the TATA box provide the precise location of the bend in AT-rich DNA region located between them and, consequently, the location of TATA box. It was demonstrated experimentally that TBP bound to the DNA pre-bent (17-20_) toward the major groove with a manifold increased affinity compared with the unbent DNA (Parvin et al., 1995) .
(iv) The distribution of M TATA+ oligonucleotide motifs along the sequences of TATA+ and TATA-promoters demonstrates that the frequency in the region [+1; +100] is drastically decreased in both subsamples (Figure 4 ). This suggests a possibility of a negative evolutionary pressure that forbids the presence of M TATA+ motifs in the [+1; +100] region of promoters. The competitive inhibition of the correct TATA box by the false TATA binding sites, randomly occurring in unexpected positions, may provide the explanation of this fact (Kolchanov and Lim, 1994) .
(v) The system for repeat searching was used to analyse the repeats in the initial sample of 301 promoters. On the whole, the direct repeats were more abundant compared with the random sequences of the same nucleotide composition (Figure 7a) . However, the abundance of direct complementary repeats, known with no biological function, was similar to those in random sequences (Figure 7b ). Inverted repeats were not so abundant (data not shown).
Similar results were obtained on 301 nucleotide sequences randomly selected from a total of an 897-strong sample of TATA-false sequences, all of which are either exon or intron fragments (Figure 7a,b) .
By means of the visualising unit (Figure 8 ) we also manually selected some promoters with unusual distinct structural features:
(a) EPD:07051. This contains a duplicated fragment of regulatory region, resulting in origination of an alternative transcription start site (Clerc et al., 1983) ; (b) EPD:27009. Contains an extended tandem repeat (Sazer and Schimke, 1986) ; (c) EPD:24032. Four tandem fragments of 48 nucleotides each (Kelly et al., 1986) ; (d) EPD:41005. An extended tandem repeat (Nakasone et al., 1993) ; (e) EPD:15032. Potential cruciform structure (Valerio et al., 1985) .
RegScan-assisted analysis suggests that the distributions of the nucleotide content, the complexity profiles and the physical and chemical properties of the TATA-box region are different with those of the TATA-false control sample. The promoters have an abundance of direct and, to a lesser extent, inverted repeats. There are no significant differences between the promoters and other regions in this abundance.
The proposed approach is aimed at acquiring the knowledge on various peculiarities of regulatory regions. We are currently extending the classification module to provide additional classification schemes based on the local alignment by using Gibbs Sampling Strategy (Lawrence et al., 1993) combined with data from TRRD and TRANSFAC (Heinemeyer et al., 1998) databases on the transcription factor binding sites. Also classification based on specific genes involved in the same gene network will be taken into account. We believe that finding the best classification of eukaryotic gene promoters is a cornerstone for the task of revealing significant features of regulatory regions.
